Spin dependent attenuation lengths in ferromagnets
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Spin dependent attenuation lengths (AL) as a function of the hot electron energy are calculated for Fe, Co,
and Ni. If 1 {4 '} is the AL of an electron with spin parallel (antiparallel) to the majority spin direction of the
ferromagnet then the quantity A ={1' —A")/(1' + 1) is found to change sign as a function of the electron

energy.

PACS numbers: 71.45.Gm, 72.15.Lh

The attenuation lengths (AL) of hot electrons in
a ferromagnetic material may be spin dependent because
the majority spin electron density differs from the
minority density and only electrons of parallel spin
undergo an exchange interaction. It has been pointed
out by DeWames and Vredevoe(l) and more recently by
Bringer et al(2) that the spin dependence of the
electron AL may be an important factor in the
interpretation of photoemission experiments which
measure the spin polarization of the photoexcited
electrons. We find that the work of Bringer et al(2)
and Feder(3) greﬁtly 3ve¥estimates the AL asymmetry,
given by A=(A'-A")/(A"+A '), and in fact it usually
gives the wrong sign for this quantity. Our conclusion
is that the spin dependence of the AL cannot explain
the anomalously high values of the spin polarization
of the photoyleld measured by Bringer et al(2) and in
fact similar experiments on Co do not produce an
anomalous result(4).

In addition, the elastic scattering of polarized
electrons from a N1 surface has been measured in a
very elegant experiment by Celotta et al(5) who
observed an asymmetry in the scattered electrons.

The most appealing interpretation of their results is
that the asymmetry results from the exchange inter-
action between the scattered electrons and those of
Ni. However, it could also result from the spin
dependence of the electron AL. From the small magni-~
tude we calculate for A in Ni it can be concluded
that the results of the polarized electron scattering
from Ni obtained by Celotta et al(5) cannot be ex-
plained by a spin dependent AL.

Our calculations of the spin dependent AL for
Fe, Co and Ni are based on the statistical approxi-
mation introduced by Lindhard et al(6) who calculated
the energy loss of charged particles in a variety of
materials. It has recently been employed by Tung et
al(7) to calculate the electron AL for Al, Si, Ni,
Cu, Ag and Au with very good results. The statistical
approximation bears some resemblance to the local
density approximation; the electrons in a volume
element of the metal are characterized by a local
density and the contribution of those electrons_to
the scattering of a hot electron (i.e., to A 1(r))
is taken to be that of a free electron gas of the
same density, AL The total inverse AL (IAL) is
obtained by integrating X;l over the Wigner-Seitz
cell of the metal.

We choose the interaction between antiparallel
spin electrons to be the Coulomb interaction screened
by the Lindhard dielectric function and that between
parallel spin electrons to be the antisymmetrized
screened (Lindhard) Coulomb interaction. This repre-
sents an extension of the work of Ritchie and
Ashley(8) who calculated the effects of exchange on
the AL of low energy electrons in a free electron
gas; for energies E-1l.le_ dynamic screening can be
neglected. We present calculations of the AL for
energies up to 200eV above ;. for free electron
materials with a wide range of densities. The results
of these calculations are then applied to magnetic
materlals by use of the statistical approximation.
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Let a hot electron with momentum P, energy €p

o

and spin 0 interact with an elect;on from the solid
and scatter into the final state Pes ep , 0. The

f
electron from the solid scatters from Io’ €g > o'
£

to If, g s 0'. The scattering rate for this event
£

in the Born approximation is given by
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where U(q,w) is the dynamically screened electron-
electron interaction and £ is a Fermi function. We
use Eq. (1) to study the free electron case by taking
U(q,m)=vq/e(q,m) where the Coulomb potential vq is

screened by the Lindhard dielectric function(9) €(q,w),
which neglects exchange and correlation. Thus the
effects of exchange are taken into account through

the antisymmetrization in Eq. (1).

The interaction in Eq. (1) is antisymmetric in
the electron coordinates in the case where the inci-
dent hot electron spin is parallel to the spin of the
interacting electron in the solid (0'=g). The con-
tribution to Eq. (1) when the spins are antiparallel
(0'=0) can be written as
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where xl=(€

<}
and a_ is the Bohr radius. Eq. (2) measures the
scattéring into electron-hole pairs and plasmons with-
out exchange scattering, and was originally derived
by Quinn and Ferrell(10). When the spins are parallel
the contribution to Eq. (1) from the interference
between direct and exchange scattering can be written
as
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where
g(x1,213%2,22)=
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The exchange scattering process provides the extra
momentum and energy transfer, x2=(ep —82 )/t‘:f and

[¢] f
22=[;O—If[/2k , in this expression. Momentum and

energy conservation impose restrictions on the integra-
tions in Eq. (3).

. Parallel spin scattering also contributes a term
PD (po) identical to Eq. (2) and the total scattering

rate can be written

P (py) = [F72y) + 77 (p)1 P () (6)

where ch(po)=Pgo(po), and the minus sign arises
because PI is due to an interference term.

_. The free electron metal is unpolarized so that
A ;=A l. To relate the free electron results to

ferromagnetic metals, we use the density-functional
calculations of Moruzzi et al(ll) for the charge
densities of majority and minority spins in Fe, Co
and Ni. Following the statistical approximation we
average A ! over the Wigner-Seitz. cell, at each point
using the free electron value of A corresponding to
the ferromagnetic density at that point. The quanti-
ties of interest are the IAL both with and without
the new exchange interference term, and the differ-
ence between the IAL for incident electrons with spin
parallel (A"!y and antiparallel (A"!) to the major-
ity spins. &o calculate the IAL's we average over
the paramagnetic state of the metal since the spin
dependence of the IAL's is a second order effect. To
calculate the difference in IAL's we expand the free
electron IAL about the paramagnetic state before
averaging to find -
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where n =n++n . Here only the interference term
enters the spin*dependent difference. The sign of
32A71/3n depends on incident electron energy. At very
high energies the scattering rate increases with the
number of scatterers so that 3A7' /9n>0 as expected
intuitively. At very low energ{es, momentum trans-
fers are limited to qj}kf and the Coulomb potential

vq causes this feature to dominate the scattering

rate. Decreasing the density of an electron gas
requires a smaller k. so that the scattering rate
increases and 3)11/3n<0. This behavior is well known

for the direct term, Eq. (2). Since (n,-n,) 1s
positive over most of the Wigner-Seitz cell, then the
afymgetry, A, is negative at high energies (i.e$,

A >X") and positive at low energies (i.e., A >\ ).
This is shown for Fe, Co and Ni in Fig. (1). For the
case of Ni, the presence of the s and p bands cause a
predominance of minority spin density close to the
outer portion of the Wigner-Seitz cell(ll) so that at
very low energies A changes sign a second time.
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Fig. 1, Calculated difference of IAL for incident
electron with spin parallel and antiparallel to
majority spins of Fe, Co and Ni as a function of
incident electron energy.
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